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This research addressed the amount of electric power required to induce specific changes 
in lift force using a NACA 2127 airfoil with a chord length of ~28 mm, connected to a micro 
load cell, in a wind tunnel of 103 square centimeter cross-section. A DBD plasma actuator 
supplied by a ZVS driven high voltage pulsed DC circuit, operating at a frequency of 17.4 kHz, 
was utilized for voltages of up to 5000 V. Two configurations of electrode gapping were 
compared to determine the efficient use of power. The configuration with a gap of ~1 mm 
between the upstream and downstream electrodes, generated an analogous lift force with half the 
power supplied as the configuration which used a ~5 mm gap in its design. In still air, the plasma 
actuator was generating a lift force of ~0.3 micro-Newton for every kilovolt added. Three chord 
Reynolds numbers (~10350, ~4600, ~3450) were implemented, in combination with a wide 
range of angles to demonstrate the effects of varying conditions on the efficiency of the plasma 
actuator. Changing the angle of attack did not affect the performance of the plasma actuator, 
while the Reynolds number appeared to have adverse effect on the efficiency of the actuator, in 
which the lift coefficient curve showed greater response for lower Reynolds numbers and vice 
versa.  For a full separation flow condition at ~30 degrees and Re of ~3450, the streamlines 
reattached back to ~55% of the chord length, when a voltage of 2.68 kV was applied. Increasing 
the voltage to 4.34 kV fully reattached the flow.  After examining two parallel curves of 
improvement in the lift coefficient (i.e., one due to plasma actuation and the second due to the 
traditional mechanical actuation), it was determined for an initial state of flow (i.e., Re~10350, 
AOA~17 degrees) where the plasma actuator was first turned off, 186.8 volts of electricity would 
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Those from the science and engineering world argue for its superior performance 
compared to traditional actuation mechanisms which often rely on complex and mechanically 
driven control surfaces, while enthusiasts refer to the futuristic connotation it invokes.  
Regardless of which excuse, the push for the development of plasma powered control surface 
actuators in aviation and other sects of aerodynamics has been gathering significant momentum 
especially as of the last 25 years [12]. This has instigated the launch of numerous research in the 
field of active air flow control using plasma.  
1.1. LITERATURE REVIEW 
The Nobel Prize winning American physicist and surface chemist Irving Langmuir 
(1881-1957) first dictated the term plasma to the scientific world in the 1920s as a region of 
discharged gas in which the number of electrons and ions reach equivalency [13].  According to 
later findings, plasma can also be considered as a system of particles engaged in coulomb 
interactions [14] and is categorized as the fourth state of matter. The narrative related to control 
surface actuation application defines plasma as “collisional”, a state that denotes the fact that 
electron-neutral collision frequency is of the order or greater than the driving plasma frequency 
[22]. Surface DBD actuator based on two linear electrodes supplied by an ac sine high voltage 
produces electro-hydrodynamic forces that create an electric wind based-wall jet [12]. As 
reported by various related publishing and confirmed in the current research, the same principle 
applies to pulsed DC high voltage. 
1.1.1. Aerodynamic Applications. An interplanetary trajectory and a magneto plasma 
propelled spacecraft design were proposed in [9], for the human outer planet exploration visit to 
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Callisto, one of Jupiter's moons. A detailed optimization approach was formulated to utilize a 
Variable Specific Impulse Magneto-plasma Rocket (VASIMR) engine with capabilities of 
variable specific impulse, variable engine efficiency, and engine on–off control. The research 
illustrated that a 30-megawatt powered spacecraft can make the mission possible in a 5-year-
round trip constraint. 
A shock wave mitigation technique using plasma was demonstrated by Kuo [23], in order 
to reduce the detrimental effects related to induced drag, surface friction and even sonic boom 
during supersonic flights. The experiment employed a non-thermal plasma upstream of the shock 
by an on-board periodic electric arc operating at 60 Hz to disrupt the formation of  shock around 
the nose of the test model in a Mach 2.5 wind tunnel. The deflection of the shockwave increased 
the equivalent cone angle of the model which reduced the Mach number of the oncoming flow. 
The cone angle where the shock completely detaches from the nose was designated as the critical 
angle.  
Plasma synthetic jet actuator (PSJA) is considered a method of choice in high-speed flow 
control applications due to its fast response, wide frequency band and high efflux speed [8].   
The ram-air plasma synthetic jet actuator (RPSJA) was proposed in [8] to achieve sufficient refill 
recovery in near space applications where the air that fuels the plasma becomes scarce. Based on 
the numerical analysis of the flow characteristics, the RPSJA actuator returned a denser flow of 
air due to the “ram-air effect”. The resulting air refill rate improves even more when a stepped 
ram-air inlet is implemented.  
In a numerical research done by Phan, Shin [11], the effects of pulsed and reduced 
frequency as well as actuator location on the formation of vortices near the leading edge were 
investigated using DC plasma on an oscillating NACA0012 airfoil. The simulations showed that 
3 
 
the introduction of plasma propagates the leading-edge vortex. Additional vortices that arise near 
the leading edge are likewise affected by the actuation. The result was a reduction in the wake 
region at the trailing edge since the oscillatory behavior of the surface pressure in down-stroke 
motion was being delayed and weakened. The actuation however did not have a significant effect 
on the flow in up-stroke motion except at high angles of attack close to stall. The down-stroke 
motion was found to be highly dependent on the actuator location. The overall plasma 
performance was proportional to the frequency supplied. When the reduced frequency was low, 
the high frequency plasma produced a bigger actuation effect than at lower frequencies.  
In a numerical analysis of a NACA0012 airfoil, West [1] investigated the effects of 
plasma actuation in reducing laminar and turbulent separation bubbles. He stated that the 
optimum location for an actuator is just upstream of the separation location. In other words, an 
actuator positioned inside the separation bubble has little to no effect. Furthermore, West 
suggested that a periodic vortex shedding process is induced at the leading edge during the 
laminar separation bubble control. His model of the body force imparted by the electric field and 
charge density in the chord wise direction is used to carry out numerical simulations in the 
current study.  
In another instance [2], a high-resolution particle image velocimetry (PIV) was deputized 
to assess the effects of actuator position on the flow separation over a NACA0015 airfoil 
oriented at 11.5 degrees and subjected to a chord Reynolds number of  1.33 ×  106.  In the 
single actuator experiment, the DBD located at 18% of the chord length was observed to be more 
effective than the ones positioned at 27% and 37% given similar power inputs, for an original 
flow separation located at 50 percent of the chord length. It pushed the x-component of the 
separation boundary layer back up to 64%. When all three DBDs were actuated simultaneously 
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with a supplied voltage of 20 kV, the separation layer moved back to 76% of the chord length. A 
notable assertion of this paper was in quantifying the electrical power consumed by a DBD 
actuator, which was found to be 0.75 watt per span wise centimeter of plasma [2].  
 An experimental undertaking resembling the current effort was done using a single DBD 
actuator, deploying a load cell that measures the lateral thrust force induced by the plasma wind. 
It found a log-log relationship between the AC voltage and the resulting thrust force for Teflon 
and glass tested as the dielectric mediums [10]. The findings of the current study will likewise 
establish a curve that relates the applied voltage to the vertical lift force induced for the selected 
dielectric. 
        
 Figure 1.1: The Log-Log Relationship between Ac Voltage and Thrust [10] 
 
 
1.1.2. General Applications. Before it was considered in aerodynamic applications, 
weakly ionized gas was often integrated in the production and manipulation of ozone as well as 
surface treatment [12].  In Biology, it is used to facilitate the spatially controlled delivery of a 
multitude of reactive species (ROS) to the skin [16]. Its potentials have also been capitalized in 
food processing where it is used to enhance fertilization, fermentation, and decontamination [17]. 
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The administrations of plasma are overarching and endless. But this paper will confine itself to 
the study of plasma in aviation applications and more specifically control surface actuation with 
possible use in small, unmanned aircrafts.   
1.2. OBJECTIVE OF THE CURRENT STUDY 
 Most if not all efforts have relied on indirect methodologies often studying the 
improvements related to flow separation for limited range of conditions in order to convey the 
feasibility of plasma as a control surface actuator. This thesis will take a more in-depth approach 
by laying out performances achieved with traditional actuators and establish the equivalent 
electric power required to induce similar enhancements using plasma actuators. The experiment 
features a NACA 2127 airfoil with a chord length of ~28 mm to represent a control surface of a 
small UAV.  
The proceedings will start by selecting a dielectric material that will be integrated into the 
design of the top surface of the airfoil. Two dielectric mediums will be weighed into the 
discussion, Alumina ceramic and Mica.  The comparisons will be primarily made based on their 
permittivity of electric charge for similar power input and thickness. Structural properties will 
also be paramount criterion in the decision-making process. Kapton tape, dielectric in itself, will 
supplement the construction of the top surface of the airfoil, giving it a smoother finish and 
reducing skin friction. The electrodes will be constructed out of Copper tape cut to appropriate 
dimensions.   
The wind tunnel test section will be constructed out of a transparent acrylic glass box 
measuring 8 inches in length with a square cross section. The flow will be provided by an inline 
fan oriented to suck air out of the test section in order to reduce the turbulence intensity level and 
achieve discernible patterns when flow visualization methods are introduced. Means of 
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measuring the Angle of attack and the speed of the flow will be outlined in the methodology 
section. 
The high voltage will be supplied by two ignition coils configured into a single 
transformer. A ZVS circuit is used to drive the transformer. Voltages and currents reaching up to 
30 V and 10 A respectively will be provided by a laboratory application variable DC power 
supply. The voltage will be measured using a high voltage probe and a digital multimeter. 
Measurement will be made for enough samples of input voltages where the relationship between 
the input and output voltages can be formulated. 
A high-fidelity load cell with a maximum input of 100 g, will be used to measure the 
minute changes the lift force undergoes when airspeeds exceeding 5 m/s and voltages of up to 5 
kV are introduced. Arduino Uno coded with the interfacing libraries, will read the information 
relayed by a Wheatstone signal amplifying circuit and display it onto an LCD screen. 
In the first part of the quantification proceedings, the lift curve will be established over a 
wide range of angles at the maximum airflow setting (5.4 m/s).  Then the appropriate AOA will 
be selected which combined with the given flow speed will serve as a reference point of flow 
condition throughout the study. 
Before any experiments are carried out using plasma actuation, two sample electrode 
gapping configurations will be compared to assure the efficient use of power. One configuration 
will have an electrode gap of ~5 mm while the other will have less than 1 mm between the 
hidden and exposed electrodes.  
While the flow is still, the effects of plasma actuation will be quantified based on the rate 
of change it results in the lift force. Pictures will be provided to illustrate the footprint of plasma 
using visualization methods that will be explained. 
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First, the sort of efficiency analyzed in this study will be defined. Then, trend -based 
insight into how that efficiency is affected due to varying Reynolds number and angles of attack 
will be provided.  
The effects of plasma on fully separated flows will be examined in transitional and 
turbulent flow regimes. Flow visualization will be provided that illustrates the changes the 
streamlines go through before and after the application of plasma. 
A scenario will be provided that will help the reader grasp the power demands of a 
plasma driven actuator by first setting design goals for a traditional control surface actuator that 
were to be replaced by a plasma driven sample. Voltage requirements associated with improving 
the coefficient of lift to a desired value will be established with respect to design actuation angle 
by comparing parallel improvements achieved through plasma and mechanical actuations. 
Finally, since the experiment was constrained to measuring changes in vertical forces,  
CFD will be implemented to make power requirement estimations related to reducing drag by 
similar magnitude that lift is improved. 
 1.2.1. Premise. The goal of this project is to add an experimental perspective to the 
discussion that often arises regarding the applicability of plasma as a control surface actuation 
mechanism. Integration of plasma as an actuation technique will ultimately depend on 







2. APPARATUS AND METHODOLOGY 
2.1. APPARATUS 
2.1.1. The Dielectric Medium. A dielectric material is a unique category of insulators 
characterized by its ability to polarize and transmit electric force without conduction. Dielectric 
barrier discharges are produced between two electrodes millimeters apart and often operate in the 
ranges of 50 Hz to 1 MHz [18]. The accumulation of charge on the dielectric surface cancels out 
the external electric field which limits the current and satisfies the conditions that allow the 
formation of discharge [18]. DBDs can remain in large volumes at atmospheric pressure without 
collapsing into a constrained arc. And this is largely due to the buildup of charges on the 
dielectric surface [22].   
Two candidate materials were tested to serve as the dielectric medium which makes up 
the top surface of the airfoil. The first substrate under trial was aluminum oxide (Al2O3). 
Commonly known as alumina ceramic, aluminum oxide is often used in high-temperature and 
high-wear applications involving air and other gases. At ~1 MHz, a 99.5% alumina ceramic can 





Figure 2.1:  Alumina Ceramic 
 
 
The second and less popular material in aerodynamic research but considered for this 
experiment was Mica. The Mica minerals are classified as phyllosilicates, that is they are stacked 
silicates with a crystal structure in which linked octahedral sheets are embedded between two 
tetrahedral sheets pointing inward and forming “2:1 layers” [5].   
The Muscovites (white Micas) can have a dielectric constant of up to 9.3 [6]. The thinner 
Mica sheets are split the higher dielectric strength they exhibit.  
 
Figure 2.2: Mica 
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Both materials showed near absolute resistance to heat and fire during testing which was 
a paramount criterion in the current experiment. Mica however, showed greater dielectric 
permittivity for similar thicknesses of material. This was evident by the brighter glow of the 
plasma for similar power inputs. In addition to being significantly heavier, alumina ceramic 
displayed a tendency to fracture when subjected to high voltages which by default eliminates its 
consideration for the application. All points considered Mica was the better option of the two 
candidates and it was utilized in the present experiment.  
2.1.2. Airfoil Design. The test subject was a custom profile airfoil with a chord length of 
~28 mm. The top surface made of Mica covered with tapering layers of Kapton tape (also 
dielectric) spanned ~80 mm in length and 40 mm in width yielding an area of approximately 
0.0032 square meters. The nose of the airfoil was constructed out of an aluminum ceramic dowel 
of ~9 mm in diameter.  The bottom plate of the airfoil was constructed out of a styrene sheet and 
has roughly equal surface area as the top plate. The bottom and upper surface plates were offset 
by around 1-2 mm from the center of the dowel with the top plate leaning forward. As will be 
apparent in the experiments, this geometric detail in the design will play a major factor in the 
unstable behavior of the airfoil near neutral angles of attack. The model may be represented by a 




Figure 2.3: Airfoil Model 
A copper tape measuring 6 mm in width and 0.04 mm in thickness was cut into two 
lengths. The first cut measured around ~60 mm and acted as the upstream electrode at the 
leading edge. The downstream electrode had a length of ~40 mm and an aggregate width of ~12 
mm.  
 





   Figure 2.5: Showing hidden downstream Electrode. 
 2.1.3. Wind Tunnel. The test section was constructed out of a rectangular acrylic tubing 
measuring 8 inches in length with a 4-inch square cross section. 
The flow was provided by an inline fan that has a diameter of four inches and a 
maximum output of 195 CFM at 2500 RPM.  A pulse width modulator was used to control the 
speed of the fan to allow working with a variable set of Reynolds numbers.  The fan was oriented 
to suck air out the test section as opposed to push it inward. This was intended to force a fully 
developed steady flow with low enough turbulence intensity level. The effects shall be apparent 
in the flow visualization segments of the study.  
 𝐼 =  0.16 ∗ 𝑅𝑒
𝑑ℎ
(−0.125 )
                 (2.1) 
The intensity is calculated by using the formula given by the Ansys FLUENT user guide 
manual [24]. Where the Reynolds number is taken at the characteristic length of the rectangular 
duct. For a square pipe it is represented by one of the sides’ length (i.e., 4 inches). Therefore, the 





   Figure 2.6: Experimental Setup of Wind Tunnel 
2.1.4. High Voltage Power Supply. An industrial grade variable DC power supply 
provided working voltages ranging up to 30 volts and current of up to 10 amps.  The Mazzilli 





Figure 2.7: Voltage Amplifier Circuit 
In the diagram below the CRT flyback is replaced with two ignition coils that are 
reconfigured to act as a single step-up transformer.  
 




Figure 2.9: Formation of Plasma across the Nose of the Airfoil 
2.1.5. Load Cell. A single point load cell beam is bolted down on one end to a stationary 
platform where the load is applied on the opposite end of the cell. The load cell primarily 
measures the shearing effect on the beam as opposed to the bending force. This eliminates the 
error that might have arisen with inconsistent load positioning. The RB-Phi-203 load cell shown 
in the picture below has a maximum weight capacity of 100 g with a repeatability maximum 
error of up to +/- 50 mg [19].  
 
Figure 2.10: RB-Phi-203 Load Cell 
Built-in strain gauges mounted in precise locations send out electrical resistance signals 
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waiting to be amplified and interpreted by a signal amplifier. The rated output impedance of the 
gauges is specified as 1 kilo ohms while the output voltage is around 600 micro/V with a 
maximum error of =/- 150 micro/V. Therefore, calibration is made at every intermission before 
each measurement [19].   
 
Figure 2.11: Load Cell Diagram 
A set of codes were written in Arduino that utilized built in libraries to create an interface 
between the amplifier, the microcontroller and an LCD screen that displayed the force in 





Figure 2.12:  Diagram of Load Cell, Amplifier and Arduino Connections 
 




2.2.1. Measurement of Angle of Attack. The angle of attack was manually measured 
using a see-through armed protractor. The bottom blade of the arm is aligned with the assumed 
chord line that runs through the dowel holes as shown in the figure below. The airfoil is then 
secured with a bolt at any given angle of attack before mounted onto the load cell. There is 
enough styrene sheet between the bolt, the brass rod and the electrodes that eliminates any 
chance of high voltage jumping across to affect the load cell and its measurements.  
 
    Figure 2.14: AOA Measurement 
2.2.2. Measurement of Power. The CT2700 high voltage DMM probe was coupled to a 
multimeter to read the power output. It is specified to allow a standard digit multimeter to 
measure voltages of up to 40 kV (DC + AC peak) or 28 kV rms-AC. It has a divider ratio of 
1000 to 1, meaning a voltage of 1000 V reads 1 V on the multimeter. The output is captured 
through 4 mm banana plugs. With a Minimum meter input impedance of 10 Mega ohms, it has 
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an Accuracy of +/-1% in measurements of up to 20 kV-DC [20]. 
The multimeter indicates the output voltage is a pulsed DC operating at a constant 
frequency of 17 kHz with a duty cycle close to 50%. Pulsed power can result from either the 
shift in polarity of the voltage (or current) or intermittent supply of power where it goes from 0 
to a constant [3].  The waveforms of pulsed DC are often complex due to non-linearity in the 
power supply. As [3] suggests pulsing lowers the effective electronic voltage of the whole 
plasma while maintaining the actual delivered voltage of individual electrons, eliminating most 
arcs before they occur while maintaining high sputter rate. 
 
Figure 2.15: Pulsed DC Waveform Compared to Conventional Waveforms 
Even though voltage can be varied manually, the user is limited to providing a maximum 
working current, as the ZVS driven circuit manages how much current is applied to each input 
voltage. This is due to the self-limiting nature of DBDs which controls the current to inhibit 
glow-to-arc transition [18].  The data collected shows ~278 pulsed DC volts are generated for 




Table 2.1: Input voltage Vs Output Voltage 
Pulsed DC @ 17 kHz; 54% duty cycle 
Input voltage (DC)(V) Input current (A) Output Voltage (PDC) (KV)  
13 0.48 1.64 
 
14.8 0.54 2.19  
16.7 0.65 2.67  
18.7 0.77 3.26  
20.7 0.88 3.86  
22.9 0.97 4.34  
23.7 1 4.64  
24.9 1.25 5  
 
 
Figure 2.16: Input Voltage vs Output Voltage Curve (For Input Voltage>0) 
2.2.3. Measurement of the Airflow. A digital anemometer [21] was positioned at the 
inlet of the test section prior to each trial to measure the airspeed. It is specified to yield accurate 
readings up to 30 m/s.  Referring to Bernoulli’s principle of conservation of energy [25], the 
airspeed at the midsection should remain roughly the same as at the inlet since both segments 
have identical cross-sectional area. Because a hole was drilled through the bottom side of the test 
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section to allow the brass rod that links the airfoil assembly to the load cell, some air is expected 
to escape which shall contribute to some error in the measured speed. This error is negligible 
since the overall gap between the rod and the circumference of the hole is very small. The 
anemometer also provided a means to keep track of the ambient temperature which stayed near 
the standard range at sea level. 
2.2.4. Visualization of the Airflow. A heavy-duty fog machine commonly used in home 
and entertainment applications was used to generate smoke and sent through a flexible aluminum 
duct which was fitted with three outlet straws at its other end to create a streamline effect. An 
LED source of light is situated at the top of the test section aligned with the airfoil. The 
oncoming light is passed through a select color filtering film to enhance the quality of the 




















3. RESULTS AND DISCUSSION 
The first step in conducting the experiment was to establish the CL vs AOA curve of the 
custom airfoil. As evidenced by Figure 3.1, the odd nature of the geometry of the airfoil causes 
instability near neutral Angles of attack (~0 deg). Positive coefficient of lift is not acquired until 
about 5 degrees of AOA. This coerced the experiment to be conducted at higher Angles of 
attack. In most of the experiments and simulations that follow, base values are established at an 
AOA of ~17 degrees and a Reynolds number of ~10350.  
 This shall by no means present any inconvenience since the primary goal of this 
experiment is to investigate changes in aerodynamic parameters (i.e., lift) at two end states 
(actuator on Vs off) both of which are subjected to similar conditions (AOA, Re).  For the same 
reason (i.e., remaining constant), the mass of the airfoil was deemed irrelevant in the 
calculations. In addition, such a configuration shall provide valuable information on the effects 
of plasma at extreme AOAs and Re at which an airfoil will most likely maneuver in practical 
situations.  Trends shall also be formulated which will offer insight into the effects of plasma 
across relevant AOAs and Reynolds numbers.  
The lift equation is rearranged to assign each measured lift force a coefficient that 




  [25]                  (3.1) 
Where L is the lift force, 𝜌 is the density of air, ?̅?2 is the square of the air velocity 




Table 3.1: Coefficient of Lift vs AOA Data for a Reynolds Number of ~10350 
Experimental Results 
Re ~ 10350 
                 Lift (N) Angle (deg) CL 
-0.0002 1 -0.00373 
-0.0005 3 -0.00933 
0.00195 5 0.0364 
0.0065 10 0.121 
0.01 17 0.186 
0.0142 20 0.265 
0.0165 30 0.308 
0.019 45 0.355 
0.0205 60 0.383 
    
 
Figure 3.1: Coefficient of Lift Vs AOA at Re ~ 10350 
The curve is assigned a parabolic expression with a plausible regression coefficient. It 
designates that Aerodynamic stall creeps in just under 50 degrees. The raw data provided by 
Figure 3.1 is to be taken with some skepticism for very high AOAs due to the errors cognate to 
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the structures circumventing the airfoil such as the electric wires that provide power and the link 
between the airfoil and the load cell.   
 The drag induced as a byproduct of lift can be acquired using the relationship described 
below for a rectangular planform. 
  𝐶𝐷𝑖 =
𝐶𝐿2
𝜋∗𝐴𝑅∗𝑒
= 𝐶𝐷𝑡 − 𝐶𝐷0            (3.2) 
  𝐴𝑅 =
𝑆2
𝐴
 , For elliptical wing or 
𝑆
𝐶
 for rectangular wing        (3.3), (3.4) 
In which, AR is the aspect ratio of the wing while e is the efficiency factor commonly 
having a value of 0.7 for rectangular planforms. 𝐶𝐷0 is the coefficient of drag associated with no 
lift generation while 𝐶𝐷𝑡  is the total drag having its own complex relationship with the geometry 
and flow conditions like the one ascribed to for coefficient of lift in the above equation [25]. 
The induced drag does not provide complete information about the total drag and it is 
directly proportional to the increase and decrease of the lift. All assumptions and conclusions 
made about the lift coefficient will apply to the induced drag since they are related by a constant 
factor. It will therefore be overlooked in the experimental discussions that follow. 
3.1. THE EFFECTS OF ELECTRODE DISTANCING  
Most research that revolves around the application of plasma as an active air flow control 
mechanism often touches up on the paramount role played by the gap between the two electrodes 
in the efficient utilization of electric potential. The following experiment examined two 
configurations of differing gaps between the upstream and downstream electrodes. The 





Figure 3.2: Diagram of a Plasma Actuator 
The first configuration (C1) has a gap of ~5 mm while the second configuration (C2) has 
a gap of ~1 mm.  The rest of the airfoil make-up remains the same. Voltages ranging up to 5 kV 
were supplied.  
 











Re~10350; ~17 deg 
 
Source Strength (kV) 
 
CL 
0.0095 0 0.17 
0.0097 2.79 0.18 
0.011 3.71 0.21 
0.0135 4.25 0.25 
0.0185 5.3 0.345 
 
 
















~17 deg; Re ~ 10350 
 
Source Strength (kV) 
 
CL 
0.00975 0 0.182 
0.0135 1.64 0.252 
0.0165 2.196 0.308 
0.0178 2.676 0.332 
0.0198 3.262 0.37 
0.0211 3.86 0.394 
0.0224 4.34 0.418 
0.0235 4.643 0.438 
0.0248 5 0.463 
 
      
Figure 3.5: The Effects of Electrode Gapping on Lift 
The experiment revealed the different voltages where plasma started to form in either 
configuration. In C1, there was no visible indication of plasma until ~3 kV was applied.  In C2 
however, a glow first emerged when a voltage of magnitude ~1.6 kV was applied. As proven by 
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various research, the formation of glow signifies a saturation level where the effects of plasma 
become apparent in air.  
A sample taken out of the data suggested that C1 and C2 perform comparatively when 
they are provided with 5.3 kV and 2.68 kV, respectively. C1 generated a lift force of ~0.0185 N 
while C2 generated ~0.0178 N.  For the given set of AOAs and Re, it is apparent that power is 
conserved by almost 50% on average when opting C2 over C1.  The parabolic curve imposed 
upon the C2 data is invalid until the first voltage is applied since lift will not show decline at any 
point of voltage supply. 
Below is provided a visual illustration of the similar effects caused by two different 
voltage samples taken from each configuration. 
 




Other factors that can affect the effectiveness of the plasma generation include the 
thickness of the electrodes [7] and the location at which they are installed [10]. All the physical 
experiments that follow in this research will utilize configuration 2 to investigate the different 
topics related to plasma actuation.  
3.2. EFFECTS OF PLASMA IN STILL AIR 
The next experiment maps out the fingerprint plasma leaves in still air both figuratively 
using flow visualization and quantitatively by measuring the lift force induced upon the airfoil.  
Near zero angle of attack was chosen to conduct the experiment. However, the AOA was not 
relevant to this discussion due to the negligible effect gravity has on the air molecules as to 
change the speed of the flow. 
 
Figure 3.7: Still Air While Plasma Actuator is turned off. 
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Figure 3.8: Still Air with plasma Turned On. 
The sample voltage applied in the above illustration was chosen to be high enough to 
induce glow while also being low enough to enable the capture of a laminar pattern in the flow.  
As pictured above, visible streams of smoke start to collect and migrate towards the nose of the 
airfoil and slide off over the trailing edge. The change in wind speed was not recorded in this 
experiment however due to safety hazards related to working in proximity with high voltages. In 
a related experiment done with an actuator supplied by a sine high voltage having a frequency (f -
AC) of 1 kHz and a voltage amplitude maintained at VAC ¼ 20 kV, maximum electric wind 
speed of 4.3 m/s was induced [2]. 
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The figure below further illustrates the effect that takes place with the introduction of 
higher density of smoke. The effects are self-explanatory. 
 
Figure 3.9: Smoke Density Increased; Still Air with Actuator Turned On  
The data below records the lift force response to a given voltage in still air. 






































Figure 3.10: Lift Force Generated in Still Air 
 
The curve found in this experiment points at a linear relationship between voltage and the 
induced lift force. Furthermore, it suggests that  3 × 10−4  Newton of lift force is generated for 
every kilo volt applied. As will be discussed in a later topic, this information becomes invaluable 
when exchanging accurate data with the computational domain in fluid dynamics.  
After the first applied voltage, the lift force induced by the plasma can be incorporated 
directly into the Y momentum portion of the Naiver Stokes equation as a function of applied 
voltage. It should also be noted that when the voltage is zero, the lift is Zero. For a steady two-












(𝑝) + 𝐹                    (3.5) 
 𝐹 = L (V) ~= 0.0003V - 0.0004 ; for V > 0        (3.6) 
In which V is voltage in KV. 
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However, the challenge arises when assigning that voltage value an equivalent flux 
magnitude in the numerical modeling due to the fact that the applied plasma and the induced lift 
force act lateral to each other (i.e., plasma acts in the x-direction causing lift in the y-direction). 
Future numerical based research may be directed at finding an optimum method to represent this 
relationship. 
3.3. EFFICIENCY OF A PLASMA ACTUATOR 
The rate of change that compares an aerodynamic parameter (i.e., CL, CD, and L/D) at 
each step of actuation to its predecessor value is presented as the incremental percent change. 
This change gives information regarding the decline or growth rate of a parameter as voltage is 
gradually changed. It offers useful data for continuous duty cycle applications where the plasma 
is permanently turned on and paces back and forth between a range of voltages.  
The control surface actuation application of plasma on the other hand can be considered a 
short duty cycle kind, in which the plasma is turned off for long durations and a specific voltage 
is applied at a certain time to achieve a specific improvement in lift or other parameters. 
Therefore, for the purpose of all the discussions that follow efficiency is defined as the percent 
change in an aerodynamic parameter (CL) at each actuation voltage compared to the value it had 
when the actuator was turned off.  
3.3.1. The Effects of AOA on the Efficiency of Plasma Actuators in Boosting Lift. 
Three angles of attack (~10, ~17, ~25 degrees) were chosen with ample gaps in between to 
eliminate any uncertainty in the results related to AOA measurement. An air speed of ~5.4 m/s 















% Boost from Off 
Value 
  
 Incremental % change 
0.00975 0 0.171 0 0 
0.0135 1.64 0.236 38.46 38.46 
0.0165 2.196 0.289 69.2 22.2 
0.0178 2.676 0.311 82.56 7.88 
0.0198 3.262 0.346 103.1 11.2 
0.0211 3.86 0.369 116.4 6.56 
0.0224 4.34 0.392 129.7 6.16 
0.0235 4.643 0.411 141.0 4.91 
0.0248 5 0.434 154.3 5.53 
     
 










% Boost from Off Value 
Incremental % 
Change 
0.0123 0 0.215 0 0 
0.0165 1.64 0.288 34.14 34.14 
0.0189 2.196 0.330 53.65 14.54 
0.0212 2.676 0.370 72.35 12.17 
0.0242 3.262 0.423 96.74 14.15 
0.0267 3.86 0.467 117.07 10.33 
0.029 4.34 0.507 135.7 8.61 

























% Boost from Off Value 
 
Incremental % Change 
0.0059 0 0.103 0 0 
0.0078 1.64 0.136 32.2 32.2 
0.0095 2.196 0.166 61.0 21.8 
0.0108 2.676 0.189 83.0 13.7 
0.0115 3.262 0.201 94.9 6.48 
0.0125 3.86 0.219 111.8 8.7 
0.0135 4.34 0.236 128.8 8 
 
       




         
Figure 3.12: Coefficient of Lift for the Three AOAs 
As would be expected, the data suggests that higher angles of attack yield higher 
magnitude of lift. But also, the higher the AOA is oriented, the steeper the slope of lift seems to 
climb for each added voltage. The lift coefficients of all three angles fall in the same trend as the 
lift curves.  
As mentioned before the start of the current discussion, the sort of efficiency this research 
is most concerned with is the percent change that compares two end states, the state before any 
actuation and the state after an actuation for a specific voltage supplied. Let us take for example 
the percent change in coefficient of lift in the case of individual AOAs from their respective non-
actuated value to the value each reach given a voltage magnitude of 2.676 kV. Percent changes of 
83, 82.5 and 72.5 are observed in the cases of 10, 17 and 25 degrees of AOA, respectively. 
Similar comparisons for an applied voltage of 4.34 kV implicates percent changes of 129, 154 
and 135 in 10, 17 and 25 degrees of attack, respectively. Figure 3.13 suggests that the angle of 
attack does not affect the performance of the plasma actuator. But as later discovered through 
comparisons made with CFD findings which suggested that AOA had an inverse effect on 
actuator performance, this was mainly since enough surface of the upstream electrode was 
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exposed even at higher AOAs [See APPENDIX C].  The curve in Figure 3.13 illustrates the little 
effect varying AOA has on the performance of plasma actuators. 
 
 





Figure 3.14: Incremental Percent Change in Lift for the Three AOAs 
Figure 3.14 demonstrates the incremental percent change mentioned in our discussion of 
efficiency. It shows that after the first voltage is applied, the response of the actuator deteriorates 
for each increment of change in power.  Varying AOA does not affect this form of efficiency 
either. 
3.3.2. The Effects of Reynolds Number on the Efficiency of Plasma Actuators in 
Boosting Lift. Airspeeds of ~5.4, ~2.4 and ~1.8 m/s were introduced for the next experiment 
while the airfoil was oriented at 17 degrees of angle of attack. Table 3.5 provided for the flow 
condition (AOA~17deg; Re ~10350) in the AOA-efficiency discussion, is also referenced in the 
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% Boost from Off Value 
 
Incremental % Change 
0.0016
3 
0 0.144 0 0 
0.0038
8 
1.64 0.344 138.0 138.0 
0.0045 2.196 0.399 176.1 15.9 
0.0050
1 
2.676 0.444 207.3 11.3 
0.0052 3.262 0.461 219.0 3.8 
0.0056 3.86 0.496 243.5 7.7 
0.0058
9 
4.34 0.522 261.35 5.2 
 












% Boost from Off 
Value 
 
Incremental % Change 
0.0009
5 
0 0.149 0 0 
0.0025 1.64 0.394 163.1 163.1 
0.0028
9 
2.196 0.455 204.2 15.6 
0.0030
1 
2.676 0.474 216.8 4.15 
0.0034
5 
3.262 0.543 263.1 14.6 
0.0037
9 
3.86 0.597 298.9 9.8 
0.0040
8 





Figure 3.15: Lift Force Vs Voltage for Three Reynolds Numbers 
 
Figure 3.16: Lift coefficient Vs Voltage for the Three Reynolds Numbers 
The lift curve advises that for a given optimum AOA (17 degrees) the magnitude of lift 
increases at a greater rate in higher Reynolds numbers than in lower Reynolds numbers.  
However, the coefficient of lift follows an opposite trend in which lower air speeds exhibit a 
significant improvement compared to the higher air speeds.    
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The efficiency of the plasma actuator shows better response in lower Reynolds numbers 
than in higher ones.  The curve representing each Re displays a more polynomial trend as 
Reynolds number is decreased.  Figure 3.17 presents the inverse relationship between the 
Reynolds number and the efficiency of the plasma actuator. 
 




Figure 3.18:  Incremental Percent Change in CL for the Three Re Numbers 
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Based on Figure 3.18, for higher Reynolds numbers the response of the rate of change in 
CL deteriorates faster than it does for lower Reynolds numbers.  
3.4. EFFECTS OF PLASMA NEAR FULL FLOW SEPARATION 
3.4.1 Boundary Layer Flow Separation Theory. If a fluid element deep inside a 
boundary layer is considered, its momentum continually shrinks in magnitude due to the 
influence of the surface frictional forces. The pressure gradient meanwhile remains the same 
within that boundary layer because it is transmitted without change perpendicular to the wall. 
And the fluid element’s velocity remains too low to counter the increasing influence of the 
pressure field. As a result, the element comes to a halt at some point downstream and reverses its 
direction giving rise to separation of the flow field. For a completely attached flow over an 
airfoil, the net pressure acting on the rear and front surfaces of the airfoil will push it forward, 
resulting in zero pressure drag. But, if the flow is somewhat separated over the rear surface, the 
rear pressure will fail to fully counteract the pressure acting rearward from the front side of the 
airfoil, leading to an aggregate pressure drag pointing towards the back of the airfoil. Another 
crucial drawback of flow separation is the drastic loss of lift which starts decreasing once full 
separation comes into picture, leading to stall [25, 26]. 
As mentioned previously, stall data could not be accurately extracted from the coefficient 
of lift curve of the airfoil due to the geometrical imperfections surrounding the design of the 
model. However, a full upper surface flow separation [25] accompanied by fully attached flow 
on the lower surface of the airfoil, is a prime indicator of the emergence of a stall where gain in 
lift coefficient becomes stagnant and even tumbles down. Hence, the following sections of the 
experiment investigate the effects of plasma actuation at the point where full flow separation is 
first observed.  
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3.4.2. Effects on Full Turbulent Flow Separation. The turbulent flow analysis focuses 
on the Reynolds number of ~10350.  Full separation first comes into view at ~35 degrees where 
the lift coefficient has a value of ~0.35.  
Figure 3.19 shows the evolution of the separation of flow with and without plasma 
actuation at two given voltages. The before and after pictures in each case are taken within 
seconds of one another to avoid misinterpretation related to the weakening of smoke density 
between stages of actuation. When examining the application of 2.68 kV the improvements do 
not become obvious until we observe the redirection of the upper streamlines to the point where 
they form a straighter and more focused Jetstream.  In the picture that follows, the two 
independent streamlines seen in the off position are combined into one high speed streamline 
with a power supply of 4.3 kV.  In both cases of actuation, the streamlines remained detached 
near the leading edge.  
 
 Figure 3.19: Visual Effects of Plasma Actuation on Full Turbulent Flow Separation 
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Table 3.10 gives the lift improvement data with supply of four values of voltage. 
Table 3.10: Lift Fata for Full Turbulent Flow Separation 









%Boost from the Off 
Value 
 
Incremental % change 
0.02 0 0.349 0 0 
0.0221 2.676 0.387 10.5 10.5 
0.025 4.34 0.437 25 13.12 
0.026 5 0.455 30 4 
 
3.4.3. Effects on Full Transitional Flow Separation. In the study of the transitional 
flow regime where a Reynolds number of ~3450 was implemented, 30 degrees was determined 
to represent the angle of attack at which full separation first manifested.  
Figure 3.20 illustrates the visual effects induced by similar magnitudes of voltage applied 
in the turbulent flow separation study. With the supply of 2.68 kV, the flow reattaches back to 
the airfoil up to ~55% of the chord length. Near 100% attachment is achieved when the voltage 





Figure 3.20: Visual Effects of Plasma Actuation on Full Transitional Flow Separation 
 
Table 3.11 gives the lift improvement data by supplying the same four voltage values 
applied in the turbulent flow separation investigation. 
Table 3.11: Lift Data for Full Transitional Flow Separation 








%Boost from Off Value 
 
Incremental % Change 
0.0021 0 0.330 0 0 
0.008 2.676 1.259 280.9 280.9 
0.0115 4.34 1.811 447.6 43.75 





Figure 3.21: Lift Improvements Due to Plasma Actuation near Full Flow Separation 
 
Figure 3.22:  Improvements in CL Due to Plasma Actuation near Full flow Separation 
 
 As was concluded in the investigation of the effects of Reynolds number on the 
improvement of lift, the lift force has a higher magnitude for the higher Reynolds number at any 
given voltage. However, the CL curves of the two Reynolds numbers flip yet again only more 
dramatically when full flow separation is taken under consideration.  This is evident when 





Figure 3.23: Lift Boosting Performance from Off value near full Flow Separation 
 
The efficiency of the plasma actuator follows the trends established in the study of the 
effects of Reynolds number.  However, the discrepancy in lift boosting performance becomes 
even more magnified when full flow separation is inspected. For instance, in Figure 3.23, when 
~4.34 kV is applied in each respective scenario, the transitional separation lift coefficient grows 
by over 500% from the off value. Whereas the lift coefficient improves by a mere ~30% in the 
turbulent flow separation case. 
3.5. PLASMA VS MECHANICAL ACTUATION METHODS 
As the title of this paper echoes, the primary objective of this study is to offer a 
quantitative view of the power requirements accompanying the application of plasma as an 
actuation method.  For this information to be of any significance, the efficacy of  plasma 
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actuation is scrutinized with respect to the efficacy of the traditional mechanical actuation which 
adjusts the orientation of control surfaces, represented by our airfoil.   
Therefore, the next step of the study will compare the improvements in lift coefficient 
brought about by the parallel applications of plasma actuation and changes made to the angle of 
attack from a similar initial state. The airfoil will be oriented to a specific angle of attack with the 
actuator turned off. After which, the improvements in coefficient of lift are recorded while 
applying a range of voltages to the actuator. The actuator is then turned off. Next, improvements 
in lift coefficient are recorded while incrementally increasing the angle of attack.  These two 
parallel improvements in coefficient of lift with two different actuation techniques are tabulated 
as below in Table 3.12 and 3.13 for two angles of attack in an off position. The Reynolds number 
is kept at a constant value of ~10350 in all cases. 
The first experiment was done with the airfoil oriented at 17 degrees and plasma turned 
off as the initial starting point, which has a lift coefficient of 0.171.  
Table 3.12: Counterpart Improvements in CL from a State of 17 deg/off   
















 1.71E-01 0.236 0.288 0.311 0.346 0.369 0.392 0.411 0.433 








Figure 3.24: Lift Improvement Due to Mechanical Actuation from 17 deg/off 
 
 
Figure 3.25: Lift Improvement Due to Plasma Actuation from 17 deg/off   
 
The first observation we can make is the shape of the curve of the improvements 
achieved with each technique. The mechanical actuation is represented by a small strip from the 
parabolic curve that was first established in the AOA vs CL relationship in Figure 3.1, while the 
plasma actuation has an ever-increasing linear slope.  
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3.5.1. Application Based Discussion. Now let us imagine that 17 degrees represents a 
neutral orientation of a control surface on a traditional SUAV and that the onboard motor is 
designed to increase the AOA of the control surface up to a maximum of 10 degrees.  For this 
operating AOA range (17-27 degrees), the average slope of the mechanical-actuation-
improvement curve becomes ~0.00825. For the same range of AOA, the parallel slope in the 
plasma actuation curve is 5.35 𝑥 10−5. Which is the same as the overall slope since the plasma 
actuation has a linear expression throughout as shown in the figure above.  If the axes were to be 
inverted in the plasma-improvement graph above, this is equivalent to stating that ~18,690 volts 
are required to improve the lift coefficient by one unit. In the same sense, an increase in 121 
degrees from the initial AOA (17 degrees) would be needed to boost the lift coefficient by a 
similar unit of one. Dividing these two slopes which are correlated by the coefficient of lift 
points to the fact that for the operating AOA range (i.e.,17-27 degrees), ~154 volts of electricity 
are required to match the improvements gained by increasing the AOA by one degree.   
 




The above number becomes ~186 volts if the original design of the traditional actuator in 
question was to work in the range of 5 degrees from the neutral orientation (i.e., 17-22 degrees). 
That number decreases to ~115 V if a 15 degrees of operating AOA range (17-32degrees) was to 
be preferred as a reference case.   
A similar method of study was deputized to an initial state marked by an AOA of 11 
degrees with the plasma actuator turned off resulting in a lift coefficient value of 0.107.  Table 
3.13 shows the counterpart improvements achieved with each means of actuation while keeping 
the same Reynolds number deployed in the previous analysis.  
Table 3.13: Counterpart Improvements in CL from a State of 11 deg/off  
11 deg/off 1.64 kV 2.196 kV 2.676 kV 3.262 kV 3.86 kV 4.34 kV 
 1.07E-01 0.139 0.175 0.192 0.209 0.227 0.244 
14 deg 1.22E-01 Re~10350 
17 deg 1.71E-01 
20 deg 2.01E-01 
22 deg 2.20E-01 
26 deg 2.43E-01 





Figure 3.27: Lift Improvement Due to Mechanical Actuation from 11 deg/off  
 
Figure 3.28: Lift Improvement Due to Plasma Actuation from 11 deg/off  
After duplicating the same calculations carried out in the previous study case (i.e., 17 
deg/off), the following conclusions can be made regarding the power requirements for an initial 
state of 11 degrees with the plasma in the off-switch position. For a mechanical operating range 
of 5 degrees (11-16 degrees), 324 volts were estimated to match the improvements achieved by 
increasing the AOA by a unit degree. Similarly, 317 volts are required to match the gains in CL 
54 
 
with an actuation of one degree in the working AOA range of 10 degrees. That power 
requirement decreases to 289 volts when 15 degrees of operating AOA range is selected.  
Therefore, as the desired neutral AOA is increased, the voltage requirements to match the 
improvements made via actuation shall decrease. In a similar fashion, when the design operating 
AOA range is increased, the power demanded to match the improvements gained through 
actuation decreases as well. The trends patented in the study of the effects of varying AOAs on 
the efficiency of plasma shall guide application designs when making estimations for the 














Because our load cell is confined to the vertical degree of freedom when measuring load, 
drag was not part of the experimental discussion until now. However, as mentioned previously 
the induced drag which contributes a significant percentage to the total d rag may be computed as 
a lateral byproduct of lift. Nevertheless, practical applications will certainly require data analysis 
related to drag before well-balanced conclusions are drawn. The next section of this paper will 
therefore seek the assistance of numerical modeling to acquire information on drag related power 
requirements by applying crude mathematical extrapolation between the experimental and CFD 
environments.   
4.1. THE COMPUTATIONAL FLUID DYNAMICS MODEL 
 The CFD portion of this paper mostly derives its instructions from [1], to model a steady 
state flow with the deputation of the student version of Ansys FLUENT.  
    
𝐷𝜌
𝐷𝑡




=  −𝛻𝑃 + 𝜇𝛻
2
?̅?                                (4.2) 
The SIMPLE method was implemented with a second order discretization to analyze the 
governing equations of continuity, Eqn. 4.1 and momentum, Eqn. 4.2, using the built-in pressure 
based segregated flow solver. For all residuals, the convergence requirement was set to 10−6 
from which lift and drag are acquired having singular values. The one equation Spalart-Allmaras, 





Figure 4.1: Example Solution Showing Convergence 
 
The plasma actuator is incorporated into the CFD using an additional term in the 
momentum equation that represents a body force created by the charge density and the electric 




=  −𝛻𝑃 + 𝜇𝛻2?̅? + 𝜌𝑐?̅?                                                                               (4.3)  
In which 𝜌
𝑐
 is the charge density and ?̅? is the electric field. 
4.1.1. The Geometric Modeling. Crude estimations start with crude approximations. 
Hence our airfoil was roughly translated into the CFD realm with the available level of manual 
precision. Accuracy will be limited but the goal of this exercise as will be apparent in the latter 
proceedings, is to merely create a proportional relationship between the power requirements to 
achieve equal improvements in lift and drag coefficients. In other terms, finding the ratio of the 
voltages required to increase each parameter by a single unit.  If that ratio reveals a reliable 
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pattern across an array of trials, it will be brought back to the real world where it will aid in 
yielding the power requirements to achieve improvements in coefficient of drag equal in 
magnitude with that of the lift coefficient.  
 
Figure 4.2: Experimental Vs Computational Airfoil Models 
4.1.2. The Computational Grid. As [1] prescribes, a hyperbolic C-type mesh generator 
developed for constructing grids around airfoils was utilized. The grid size taken was 20 chord 
lengths from the origin, located at the leading edge of the airfoil. Grid independence integrating 
the plasma actuator shall be performed. 
 
Figure 4.3: The Mesh (~114000 elements) 
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4.1.3. The Boundary Conditions. The left-hand side together with the top and bottom 
edges were modeled as velocity inlets while the right side of the mesh was set as an outlet 
boundary. The airfoil surface represents the no-slip wall boundary. The density and dynamic 
viscosity are considered at sea level conditions. 
 
 
Figure 4.4: Boundary Regions 
4.1.4. The User Defined Source. The source magnitude representing the body force 
imparted by plasma is introduced into the CFD flow solver using a user defined code. A 
modified version of the user defined code used in this research is provided in APPENDIX B. The 
plasma region is defined by a 2 mm by 2 mm area region and extends from 10.7% to 17.8% of 
the chord length. Note that only the exposed part of the region contributes a body force affecting 




    Figure 4.5: User Defined Source Region 
 
 
Figure 4.6: Sample Magnitude of Flux Acting in Still Air  
4.1.5. Grid Independence. Grid independence was performed for CL and CD by 
applying a source magnitude flux of 15000 to assure data accuracy in extreme cases. In most 










Figure 4.8: Coefficient of Drag Vs angle of Attack (flux = 15000; Re=10350) 
 4.2. METHOD OF SOLUTION 
For greater accuracy, the implementation of high-resolution PIV systems such as the one 
used in [2] would have been ideal to capture a real time motion of air particles in a wind tunnel 
and make the subsequent parametric computations. However, that option is not on the table in 
the present discussion. Another viable method attempted with little success in this experiment 
was the direct translation of the lift force into the CFD domain by utilizing our data of the effects 
of plasma in still air. But for the reason provided in section 3.2, that was not possible to 
accomplish in this study and will confer to a rough mathematical approach described  below. 
In [1], it is stated that the momentum source magnitude is directly proportional to the 
power required by the actuator.  Therefore, a method was formulated seeking to recreate the 
effects of voltage in CFD by first creating common initial flow cond itions shared by the CFD 
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and experimental airfoil models. After which a series of parallel tabulations of the effects (i.e., 
improvement percentages) of the electric field and source flux magnitude on CL will be made in 
their respective domain at a similar AOA and Re in order to make statements of equivalency 
between voltage and flux magnitude.  The hope is with enough samples taken; interpolations 
could be made with reasonable accuracy.  
The first step in establishing a relationship between voltage and source flux magnitude is 
to find an expression for the lift coefficient curve of the CFD airfoil model. After running 
multiple simulations, the following set of CL data was obtained for the model airfoil at a 
Reynolds number of 10350, as was the test case in the experimental subject. 
Table 4.1: CL Data for CFD Airfoil Model for a Reynolds Number of 10350 
CFD Results 
Re = 10350 
Angle (deg) CL 
5 -0.258 
10 -0.16 



















Figure 4.9: Coefficient of Lift Vs AOA at Re ~= 10350   
 
From the above graph, we observe a great discrepancy in the two CL curves. But they 
share a value of intersection at some AOA in the range of ~16 to 21 degrees. If we compare for 
example the CL values at 17 degrees, the experimental airfoil has ~0.18 while the CFD airfoil 
has ~0.152. That is a percent error of ~20%.  
 If we now choose 17 degrees of AOA at the given Reynolds number as an initial 
condition to create a common ground for the parallel changes that follow in the experimental and 
numerical computations, we can expect to carry at least 20% in error between the two 
counterpart results. If the error is significantly different from the established error of 20%, our 
assumptions and the subsequent conclusions become invalid. 
 Below is a range of source flux magnitudes applied to the CFD model at AOA of 17 




Table 4.2: Source Flux Magnitude vs CL Data at 17 Deg and Re of 10350 









% Boost from the Off Value 
0 0.152 0 
5000 0.213 40.33 
8000 0.256 68.62 
10000 0.292 92.1 
11000 0.31 103.9 
12000 0.325 113.8 
13000 0.34 123.7 
14000 0.352 131.6 
15000 0.367 141.4 
16000 0.38 150 
17000 0.39 156.6 
18000 0.403 165.1 
 
Because we already have experimental results for a similar condition (i.e.,17 deg; Re 
~10350) in Table 3.1, let us compare the parallel improvements made by the application of 
voltage in the experimental case and source flux magnitude in the CFD domain from the closely 
positioned starting points (i.e., 0.18 for the experimental and 0.152 for the CFD) related by a 






Figure 4.10: Establishing an Equivalency between Flux magnitude (CFD) and Voltage Based on 
the Similar Changes They Cause in CL 
 
The fact that both improvements are expressed by a linear curve makes our job of 
extrapolation somewhat less difficult.  
4.2.1. Visual Validation of Translation. Following is a side by side visual of the 
velocity and pressure profiles of the flow at 17 degrees and Re ~=10350 in both environments 
before and after a Voltage supply of ~2.8 kV which has a flux equivalent of 10000 in the CFD 









Figure 4.12: Flow Compared at AOA~=17deg; Re ~= 10350; with a Supply of ~2.8 kV/10000 
Flux 
 Although they are not exact matches due to the geometrical and other sources of errors 
discussed, we observe the close resemblance in velocity streamlines. The upper surface flow is 
separated at the leading edge. And with the application of ~2.8 kV it only edges closer to the 
hump that separates the nose and the top plate. The reduction in boundary separation layer in the 
Y direction however attests to the improvements gained when plasma is supplied. The pressure 
coefficient profile illustrates that as plasma is applied the pressure becomes polarized at the 
bottom and upper surface of the leading edge. The bottom side of the nose becomes highly 
pressurized while the top half is under suction by the plasma which hurls the air mass towards 
the trailing edge.  
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4.2.2. Quantitative Validation of Translation. The quantitative validation is performed 
by carrying out identical computations for the CL done in the experimental portion where power 
was estimated for lift improvements with respect to degree of actuation. Sample results from 
both environments will be examined with reasonable room for error (i.e., the 20% error specified 
above when correlating the CFD model to the real world).  
4.2.3. Power Estimations. As was performed in the experimental procedure, we will 
once more find the power needed to raise the coefficient of lift by a single unit only now in the 
CFD domain. Meanwhile we will also take note of the power required to decrease the coefficient 
of drag by one unit as well.  
First let's maintain the experimental AOA of 17degrees with the actuator off as our initial 
state from which we will impose changes in AOA imitating mechanical actuation from one hand 
and changes in source flux magnitude on the other imitating plasma actuation. Then three source 
flux magnitudes are chosen at random with values of 5000, 10000 and 15000. When converted to 
voltages using the extrapolation graph above, they become ~1674, ~2948 and ~4645 volts, 
respectively. An operating AOA range of 5 degrees is chosen as the reference standard of 
efficiency for the plasma actuator.  
Table 4.3: Counterpart Improvements in CL from a State of 17 deg/off (CFD) 
 CL 
  Voltage (V) 
17 deg/off 1673.74 2948.57 4645 
 1.52E-01 2.10E-01 2.92E-01 3.70E-01 
AOA 
(deg) 






Table 4.4: Counterpart Reductions in CD from a State of 17 deg/off  
 CD 
  Voltage (V) 
       17 deg/off 1673.74 V 2948.57 V 4645 V 
 2.10E-01 1.75E-01 1.27E-01 8.56E-02 
AOA (deg) 18 2.07E-01 Re=10350 
20 2.01E-01 
22   0.197 
 
 




Figure 4.14: Changes in CL and CD Due to Plasma Actuation from 17deg/off  
 
If we execute similar computations performed in finding the experimental estimation of 
power for CL improvements, we will have the following results.  
Within the operating AOA range of 5 degrees, the CL curve in the mechanical actuation 
graph has an average inverted slope of 25.4. While in the plasma-actuation-improvement graph, 
it has an inverted slope of 18487. The ratio of the two gives us the equivalent means to increase 
the CL by 1 unit. That ratio is 727 actuation voltage to 1 degree of AOA.  This number is 186.8 
volts in our experimental finding for a 5 deg AOA range which is far beyond the 20% error 
initially anticipated. Therefore, accurate power estimations cannot be drawn from this 
mathematical extrapolation even for low operating AOA ranges such as 5 degrees.  
4.2.4. Source of Error. Because the source flux magnitude and voltage are both 
described by linear expressions under any flow condition such as demonstrated in the still air 
study of plasma, interpolation is a viable method of solution. The most probable cause behind the 
failure is the manual flaw in the definition of the source region which did not designate the exact 
position of the electrodes [1] which limits the exposure of the source when oriented at higher 
71 
 
angles of attack. This is further proven in a numerical study of the effects of the AOA, which 
suggested that higher AOA negatively affects the efficiency of the plasma. The experimental 




 Figure 4.15: Inaccurate Designation of Source Region  
 
4.2.5. The New Method of Solution. If we confine our calculations within the CFD 
realm and keep on going for the coefficient of drag and we do so for another set of design goals, 
we will notice a proportional relationship between the power requirements of CL and CD that 
does not change over large gaps of AOAs.   
The CD curve has inverted slopes of -33249 and -375 in the plasma and mechanical 
actuation improvement graphs, respectively.  The ratio of these two numbers tells us that the 88.6 
volts are required to match a CD reduction performance achieved by adding one actuation angle 
from the initial state considered (17 degree & off).   
Let us take note of the ratio of the voltages required to improve CL and CD to match the 
efficiency gained by 1 degree of actuation. This ratio is calculated by dividing 727 volts/degree 
to 88.6 volts/degree which is 8.205.   
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Now let us carry out similar calculations comparing parallel actuation improvements in 
CL and CD for an initial state designated by 14 degrees with plasma turned off.  This is done to 
confirm if the ratio found comparing the power requirements of CL and CD (8.205) remains 
somewhat constant and apply it to the experimental result which lacks information regarding 
drag. 
Below is provided data and graphs like the ones analyzed above.   
Table 4.5: Counterpart Improvements in CL from a State of 14 deg/off  
CL 
14 deg/off 1673.74 V 2948.57 V  4645 V 
 2.15E-02 8.79E-02 1.66E-01 2.37E-01 
16 deg 1.11E-01 Re=10350 
17 deg 1.52E-01 
18 deg 1.94E-01 
20 deg 2.69E-01 
 
Table 4.6: Counterpart Reductions in CD from a State of 14 deg/off  
CD 
14 deg/off 1673.74 V 2948.57 V 4645 V 
 2.14E-01 1.81E-01 1.44E-01 1.13E-01 
16 deg 2.12E-01 Re=10350 
17 deg 2.10E-01 
18 deg 2.07E-01 





Figure 4.16: Changes in CL and CD due to Mechanical Actuation from 14deg/off  
 
 
Figure 4.17: Changes in CL and CD due to Mechanical Actuation from 14deg/off  
We shall proceed by directly providing the power requirements for each parameter. For a 
similar operating AOA range of ~6 degrees the ratio of the slopes of the two CL curves from 
each graph above is 863.5 volts to 1 degree of AOA. Meanwhile a similar procedure for CD 
gives us 101.42 volts to 1 degree. The ratio of the two power requirements becomes 8.5. 
This pattern provides a factor by which we can divide the power estimation we made for 
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CL and reach an approximate conclusion regarding the power required to match the CD 
reduction acquired via actuating the UAV control surface by one degree which is 186.8 
volts/average (8.2, 8.5).  We can reiterate by saying that 22.5 volts are required to match the CD 




















5. SUMMARY AND CONCLUSIONS 
This paper took a quantitative route to institute the power requirements associated with 
opting for plasma actuators over the traditional mechanism which involves the motor driven 
adjustment of the angle of attack of a control surface. The control surface was represented by a 
NACA 2127 airfoil having a chord length of ~28 mm fitted with a DBD plasma actuator. A 
micro load cell with a high level of accuracy was connected via a bolt to a central point on the 
trailing edge linked by a brass screw rod with ample insulation in between. AOA adjustments 
were made by using the central bolt. Air speeds of up to 5.4 m/s were provided by an inline fan 
into the test section made of a rectangular acrylic tube. Flow visualization methods were applied 
using a fog generator and color filter films.  
Alumina ceramic and Mica were nominated to serve as the dielectric barrier for the 
discharge between the two copper electrodes. After comparing their dielectric properties, for 
similar thicknesses, it was determined that Mica had the better permittivity strength which was 
signaled by the brighter glow of plasma for the same power input. In addition to being 
significantly heavier, alumina ceramic was exhibiting signs of fracture when exposed to voltage 
amplitudes nearing 5000 V. This added an additional hindrance in constructing an airfoil able to 
withstand high temperatures and possibly flame. Therefore, Mica was deemed better suited to fit 
the needs of this experiment. 
Two ignition coils driven by a zero-voltage switching circuit as a single transformer and 
variably supplied with voltages of up to 30 V produced high voltage pulsed DC of a 17.4 kHz 
frequency.  The current was not user controlled as it was managed by the ZVS circuit itself.  The 
data collected for eight input voltage samples indicated that ~278 pulsed DC volts were 
generated for every DC volt supplied.  
76 
 
As was seen in the parabolic CL curve established at Re~10350, the unorthodox feature 
in the geometry of the subject airfoil caused by the negative offset between the top and bottom 
plates forced most of the experiments to be conducted at higher angles of attack due to instability 
at lower AOAs.  
 The effects of electrode distancing were investigated by fitting the airfoil with two 
competing configurations. The first trial involved an electrode gap of ~5 mm which did not 
introduce plasma glow until ~3 kV was applied. The second electrode configuration applied a 
total traversal of less than 1 mm which produced glow at a mere 1.6 kV, half the amount of 
power required in the first configuration. Flow separation improvements observed at 17 degrees 
and Re ~10350 demonstrated the similar effects achieved using 5.3 kV and 2.68 kV in the first 
and second configurations, respectively.  
The influence of plasma in still air was explored with visual illustrations. The smoke 
revealed the accumulation and migration of surrounding air molecules to the leading edge where 
they would accelerate over the surface and onto the trailing edge. Power volume had to be 
decreased to make a distinct pattern of the flow. Data taken from applying five voltage samples 
revealed that ~0.3 micro-Newton were generated for every kilovolt added in still flow condition. 
In the context of control surface actuation application, plasma efficiency was defined as 
the percent improvement in an aerodynamic parameter (CL) at each actuation voltage compared 
to the value it had when the actuator was turned off. Based on this definition of plasma 
efficiency, trends were established regarding the effects of changing Reynolds number across a 
range of angles of attack. This was intended to eliminate the guesswork that usually arises from 
the lack of varying conditions when testing the effectiveness of plasma actuation. By applying 
enough gaps between the sample AOAs (10, 17, and 25 degrees), to eliminate measurement 
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related error, a conclusion was made that varying AOA did not have any noticeable effect on the 
effectiveness of plasma. Analogous CFD simulations, which can be found in APPENDIX C, 
suggested that higher AOAs caused a decline in Plasma efficiency. After further investigation of 
other literature [1], it was discovered that this was due to enough surface of the upstream 
electrode remaining exposed to the flow.  On the other hand, the negative effect that the increase 
in Reynolds number has on the efficiency of plasma was demonstrated in the experiment. The 
counterpart CFD simulations confirmed the experimental findings.   
Two flow regimes were considered to investigate the effects of plasma near full flow 
separation. A turbulent regime marked by a Re number of ~10350 and a transitional state of flow 
designated by a Re value of ~3450 were chosen. In both cases, the AOA was increased until the 
top surface flow fully detached while the bottom side streamlines were completely attached. This 
was also taken as a prime indicator of stall. A visual inspection of the progression of streamlines 
was made before and after applying voltages of ~2.68 kV and 4.34 kV in both flow conditions. 
For the turbulent flow, only a Y-direction boundary layer flow separation improvement was 
observed for both voltage amplitudes. However, the effect was more magnified when 4.34 kV 
was applied. The transitional flow separation saw significant improvements not only in the Y-
direction of the wall boundary, but also up to 55% of the chord length was reattached with the 
flow, with an application of 2.68 kV. Furthermore, the flow completely reattached to the wall 
boundary when power was increased to 4.34 kV. 
In depth comparisons of the empirical improvements gained in CL values by using 
plasma actuation were made to those acquired using mechanical actuation. The reader was 
provided with an application-based scenario to help understand the power demands of a plasma 
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driven actuator with respect to a motor driven actuator that were to be replaced by a plasma 
driven one. 
At a given Re number, a design AOA range of actuation was first set at which a 
traditional control surface actuator would operate. For example, if 1 degree of AOA were 
considered the neutral AOA of a control surface, a 5-degree operating range would be 1 through 
6 degrees. This range of actuation would be designated a slope snipped from the overall slope of 
the AOA Vs CL curve. Then at the same design neutral AOA, a range of voltages would be 
provided to the actuator where the improvement data will be graphed to determine the slope 
(Voltage Vs CL). The ratio of these two slopes will cancel out CL and provide us with a new 
ratio, Voltage/degree.  
Based on the goal of the comparison outlined, we find that at Re ~10350, for a design 
neutral AOA of 17 degrees with 5 degrees of operating range, 186.8 volts were required to match 
the same improvements gained by 1 degree of actuation. Like manner, for the same design 
neutral AOA but with a 10-degree operating range, 154 volts would be required to match similar 
improvements made by 1 degree of actuation. When the design neutral AOA was reduced to 11 
degrees, for 5-degree operating range, ~324 volts would be required to match the gain achieved 
through 1 degree of actuation. That requirement decreases to 317 volts when considering a 10 
degree of operating range. Therefore, as the design neutral AOA is increased the voltage 
requirements to match the improvements made via actuation decrease. In a similar fashion, when 
the design operating AOA range is increased, the power demanded to match the improvements 
gained through actuation decrease as well.  
Since the experiment was constrained to measuring changes in vertical forces, CFD was 
used to make similar power estimations related to reducing drag by similar magnitude used to 
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improve lift. After applying the same analysis as above, but for CL and CD, it was discovered in 
the CFD results, that the ratio of the power requirements for CL and that of CD remained the 
same even across a distant sample of AOA taken for confirmation. Hence, an average ratio of 8.3 
was introduced back into the real world to divide the CL power requirements and yield the power 
demands for CD. Therefore, for the design example of AOA ~17 degrees and operating range of 
5 degrees (186.8/8.3=22.5) volts of electricity would be required to match the reduction 
performance of a unit degree of positive actuation. 
The coefficient of drag power requirement results found in this study require 
experimental validation since they were acquired with crude data extrapolations. Future 
researchers may incorporate the total drag in their experimental analysis to confirm or disprove 













6. FUTURE WORKS 
Two avenues of study are suggested for future researchers interested in the aerodynamic 
application of plasma. The first is a numerical modeling of the lift force by integrating it in the y-
momentum equation and relating its change to the source voltage (flux) acting in the x-direction. 
This was hinted in section 3.2. The second area of focus can be an experimental validation of the 
extrapolation method exercised to find a rarely changing ratio between the power requirements 
for similar magnitudes of change in the CL and CD values (i.e., unit value).  
The third and most intriguing subject of discussion that ought to gain ample attention in 
any related future research is a strange phenomenon stumbled upon during the lengthy 
experimental processes. 
6.1. DESCRIPTION OF AN EXPERIMENTAL PHENOMENON 
Whenever an arc is induced at any point of the connection between the high voltage 
transformer and the electrodes, the load cell measures astounding magnitudes of downward 
force. However, the numbers fluctuate frequently, and a well-defined pattern could not be 
formulated directly relating it to the flow conditions or the applied voltage itself. One 
characterization that can be made nonetheless, was that whenever the arc length was increased, 
the downward force would also show increase. And since higher voltage potential is needed to 
increase arc size it may be assumed that higher voltage results in higher downward force. This 
force was observed exceeding -4 Newton. To give a perspective, the lift force generated when 
applying 5 kV to the actuator positioned at AOA of 17 degrees with a Reynolds number of 




  Figure 6.1: A sample Reading of the Downward Force  
 
To eliminate high voltage interference with the load cell as a possible source of erroneous 
readings, it was purposely introduced into the load cell through the linking brass rod. This was 
done to establish the effects of such a mishap that will be used for future reference of similar 
results. And as it turns out, the load cell rather fizzles out when exposed  to the high voltage. As 
mentioned in the design process, ample insulation lies between the brass rod and any conductive 





Figure 6.2: Showing Ample Insulation Between Rod and Conductive Parts Onboard Airfoil 
 
6.1.1. Visual Investigation of the Occurrence. An attempt was made to visualize the 
fingerprint plasma leaves when acting in the two manners described, causing lifting force versus 
downward force. The left-hand column in Figure 6.3 demonstrates the evolution of flow when 








Off        Off 
 
(+) Actuation      (-) Actuation 
  
 
  Figure 6.3: The Evolution of Flow in the Two Phases of Plasma Actuation 
 
By comparing the two columns of flow evolution, one may conclude that the negative 
action of plasma tends to cause a more chaotic scene characterized by the unruly streamlines. But 
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this does not provide definitive information about the nature of the phenomenon and more 
research could be done around it.  
A heat signature comparison of the two phases of action did not offer additional insight 
either.  
 
+actuation     - actuation 
  Figure 6.4: Heat Signatures of the Two Phases of Actuation 
 
6.1.2. The Importance of the Finding. Contrary to the widely assumed notion that 
control surfaces are designed to generate lift, they are often devised to induce downward force 
that would cause part of the aerial vehicle on the opposite end of the center of gravity to react in 
a contrary manner. For example, ailerons are small, hinged sections on the outboard part of the 
wing used to create a rolling motion by tipping one side up and the other down. Elevators are 
usually found in the rear of aerial vehicles as part of the horizontal stabilizer to control pitch 
through the application of downward force that points the nose up or vice versa. The same 





  Figure 6.5: How an elevator Functions [27] 
 
If validated this finding could prove a game changer in the application of plasma as an 





















































//Published at https://github.com/olkal/HX711_ADC by olkal Olav Kallhovd, Jodaille Jodaille, 
per1234, MalcolmBoura 
//Edited by Getachew Ashenafi, University of Nevada LasVegas, 2021 spring 
 
#include <HX711_ADC.h> // https://github.com/olkal/HX711_ADC 
#include <Wire.h> 
#include <LCD.h>  
#include <LiquidCrystal_I2C.h> // LiquidCrystal_I2C library 
HX711_ADC LoadCell(4, 5); // parameters: dt pin, sck pin<span data-mce-type="bookmark" 
style="display: inline-block; width: 0px; overflow: hidden; line-height: 0;" 
class="mce_SELRES_start"></span> 
LiquidCrystal_I2C lcd(0x27, 2, 1, 0, 4, 5, 6, 7, 3, POSITIVE); // 0x27 is the i2c address of the 
LCM1602 IIC v1 module (might differ) 
void setup() { 
  LoadCell.begin(); // start connection to HX711 
  LoadCell.start(2000); // load cells gets 2000ms of time to stabilize 
  LoadCell.setCalFactor(-12000.0); // calibration factor for load cell => strongly dependent on 
your individual setup 
  lcd.begin(16, 2); // begins connection to the LCD module 
  lcd.backlight(); // turns on the backlight 
} 
void loop() { 
  LoadCell.update(); // retrieves data from the load cell 
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  float i = LoadCell.getData(); // get output value 
  float F = i*0.00985; 
  lcd.setCursor(0, 0); // set cursor to first row 
  lcd.print("Force(N)"); // print out to LCD 
  lcd.setCursor(0, 1); // set cursor to second row 



















































//written by Lee Ming Wei, School of Aerospace Engineering in Universiti Sains Malaysia 
//UDF are written in C and compiled by FLUENT using visual studio 
//reference 1: UDF 6.3 User Manual 
//reference 2: West, Thomas, and Serhat Hosder. "Numerical investigation of plasma actuator 
configurations for flow separation control at multiple angles of attack." 6th AIAA Flow Control 
Conference. 2012. 
//INFORMATION 
//define plasma as a rectangle source in momentum to simplify the code 
//PLEASE do have knowledge in C programming before start coding 
//DECLARATION 
//NO validation is done!! 
//-------------------------------------------------------------------------------------------------------------------
--------------------------------------------------------------------------------------------------------------- 
//Modified by Getachew Ashenafi, Department of Mechanical Engineering at the university of 
Nevada Las Vegas 
//Manual error in defining the source on the same region as the actual electrodes has resulted in a 
significant correlation error between the results of adjacent scenarios in the experiment and CFD 
simulations.   
 
#include "udf.h" //udf library in C language 
DEFINE_SOURCE(plasma_source, c, t, dS, eqn) //define macro 
{ 
 real xc[ND_ND]; //declaration of cell coordinate 




 C_CENTROID(xc, c, t);  //centroid of cell 
 x = xc[0]; //x as the 1st array of xc 
 y = xc[1]; //y as the 2nd array of xc 
 
 if ((x > 0.003) && (y > 0.003) && (x < 0.005) && (y < 0.005)) //define the plasma 
region 
 { 
  source = 10000.0; //the value of plasma source 




  source = 0; 
  dS[eqn] = 0; 
 } 
 C_UDMI(c, t, 0) = source; //adding effect 








APPENDIX C: CFD RESULTS FOR THE EFFECTS OF FLOW CONDITIONS ON THE 























































cd % reduction 










0 2.15E-02 0% 0% 2.14E-01 0% 1.00E-01 0% 
1673.74 8.79E-02 309.44% 309% 1.81E-01 -15.51% 4.86E-01 384.59% 
2948.57 1.66E-01 675.04% 89% 1.44E-01 -32.77% 1.16E+00 1052.86% 
4645 2.37E-01 1005.02% 43% 1.13E-01 -47.00% 2.09E+00 1985.04% 
 
 





















0 1.52E-01 0% 0% 2.10E-01 0% 7.24E-01 0% 
1673.74 2.10E-01 38.08% 38% 1.75E-01 -16.73% 1.20E+00 65.83% 
2948.57 2.92E-01 92.27% 39% 1.27E-01 -39.30% 2.29E+00 216.74% 
4645 3.70E-01 143.74% 27% 8.56E-02 -59.16% 4.32E+00 496.82% 
 
 
















L/D % change in 






0 2.69E-01 0% 0% 2.01E-01 0% 1.34E+00 0% 
1673.74 3.18E-01 18.39% 18% 1.68E-01 -16.24% 1.89E+00 41.34% 
2948.57 0.395 46.94% 24% 1.14E-01 -43.31% 3.46E+00 159.19% 


























0 1.62E-02 0% 0% 1.55E-02 0% 1.04E+00 0% 
1673.74 6.84E-02 322.28% 322% -9.72E-04 -106.26% -7.04E+01 -6843.47% 
2948.57 1.19E-01 631.56% 73% -1.95E-02 -225.85% -6.07E+00 -681.28% 






















% change in 





0 2.92E-02 0% 0% 4.36E-02 0% 6.70E-01 0% 
1673.74 9.04E-02 209.52% 210% 1.05E-02 -75.92% 8.61E+00 1185.53% 
2948.57 1.50E-01 413.39% 66% -1.50E-02 -134.37% -1.00E+01 -1593.91% 





























































Microsoft paint is used to estimate the maximum camber and its position by first closing 
the trailing edge and establishing a new chord length. 
 
In which the maximum camber and its position are 2.11% and 9.79% of the closed TE 
chord respectively while the maximum thickness is 27.6% of the same reference. Based on the 
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